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Robust and Low Complexity Beam Tracking with
Monopulse Signal for UAV communication
Ha-Lim Song and Young-Chai Ko
Abstract—UAV communications based on an antenna array
entail a beam tracking issue for reliable link acquisition. Unlike
conventional cellular communication, beam tracking in UAV
communication addresses new issues such as mobility and abrupt
channel disconnection from UAV’s perturbation. To deal with
these issues, we propose a beam tracking scheme based on
extended Kalman filter (EKF) using a monopulse signal, which
can provide (1) higher robustness by offering a reliable link in the
estimated spatial direction and (2) lower complexity compared
with the existing codebook based beamforming scheme. We
point out the limitations of using a beamformed signal as a
measurement model for a Kalman filter (KF) based scheme and
instead utilize the monopulse signal as a more plausible model.
For the performance evaluation, we derive the upper bound
of the mean square error for spatial angle estimation of the
UAV and confirm that our proposed scheme is stable with a
certain bounded error. We also show from our simulations that
our proposed scheme can efficiently track UAV and detect beam
disconnection every time frame using a beamformed signal.
Index Terms—Beam Tracking, UAV communication, Beam-
forming, Kalman filter, Extended Kalman filter, Monopulse signal
I. INTRODUCTION
With the increasing demands for applications of unmanned
aerial vehicle (UAV) communications as an element technol-
ogy of 5G or B5G, the critical issue is to have a reliable
link between the ground node and a UAV or UAV-to-UAV
[1]–[3]. UAV communication assisted link can be efficiently
established by aligning the beam toward the UAV because the
line of sight (LOS) is mainly considered in the aerial network
[4]. Note that the beam alignment between a transmitter and
a receiver and an accurate direction parameter estimation are
two prerequisites for a beam tracking [5]–[7].
One of the main beam tracking schemes is based on Kalman
filter (KF) [5], [8]–[12]. It is widely known that two KF
based algorithms, extended Kalman filter (EKF) [13] and
unscented Kalman filter (UKF) [14], can be applied to the
nonlinear model. Most studies of KF based beam tracking have
established the beamformed signal as a measurement model
[8]–[12]. They focus on the beamformed received signal which
is described as adaptive beamforming [9]–[11] or codebook
based beamforming [8], [12]. However, it is not suitable for
a KF based scheme, which provides an optimal solution in
a linear system, because the nonlinearity of the beamformed
signal is strong. The considered measurements such as real and
imaginary terms of the received signal follow sinNx
sin x
function.
Even if we only deal with the main lobe of the beam, it is
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a concave function of spatial angle x, which lies within the
main lobe beamwidth. Therefore, it should be noted that the
performance of EKF and UKF based beam tracking schemes
with the measured beamformed signal may be limited since
such schemes require linear approximation.
More importantly, their measurement models are affected
by the parameters of the beamforming weight, φˆ, as well as
the angular parameters of the channel, φ. When it comes to
adaptive beamforming deriving the beam toward a particular
direction as φˆ, the KF based scheme can be a viable solution
only if the derived beam targets the main lobe of beam pattern
corresponding to the actual channel. Thus, determining the
beam direction is not practical toward the main lobe of the
beam pattern without the actual channel state information.
[9]–[11]. In [9], [11], authors tackle additional optimization
methods to compensate for the performance loss of EKF, but
this does not resolve the underlying problem of designing the
beamforming weight parameter, φˆ. The codebook based beam-
forming scheme [8], [12] shows a more stable performance
than the former, but steering the entire codebook every time
index is not practical. Moreover, the dimension of the mea-
surement model becomes very large, which requires O (n3)
complexity to calculate the innovation covariance matrix or
Kalman gain, where n is the length of the codebook. In [12],
they employ the UKF and conduct extra optimization to reduce
the size of codebook, but it also raises overhead to find a sub-
optimal beamforming matrix. Besides them, there are sensor
based beam tracking researches [5], [13], and the authors apply
UKF on estimating UAV’s position information with sensor
measurements such as global positioning system (GPS) and
flight controller.
This paper focuses on three main contributions to UAV
communications. 1) We propose a beam tracking scheme based
on EKF using the monopulse signal, which is a more plausible
measurement model of KF for lower complexity compared to
beamformed signal based KF algorithms. 2) It is observed
that our proposed scheme can efficiently track the UAV and
detect error and beam misalignment over time frame. 3) To
evaluate the performance, we derive the upper bound of mean
square error (MSE) and verify that the proposed scheme is
stable under the bounded estimation error over time while
UAV keeps flying. Simulation results show that the proposed
scheme outperforms the conventional schemes [8], [12] under
planar array and LOS channel.
The rest of paper is organized as follows. Section II presents
the system and channel models under consideration. In Section
III, we propose the robust EKF based beam tracking algorithm
with monopulse signal measurement and in Section IV we
2present the error detection for the stable beam connection. In
Section V, we analyze the performance in terms of bounded
mean square error for tracking and then we present some
selected results in Section VI. Section VII summarizes our
proposed scheme.
II. SYSTEM AND CHANNEL MODELS
Fig. 1: System Model
We consider beam tracking system as depicted in Fig. 1.
At each frame, ground station (GS) estimates the channel
parameter based on the monopulse signal, and then GS trans-
mits information-bearing signal data to the target UAV. Here,
we assume that the channel is invariant during T period of
a frame. The system is composed of two phases such as 1)
channel estimation phase and 2) data transmission phase. In
the channel estimation phase, we estimate the spatial angle
and align the beam to the estimated parameter. We transmit
the information data to the target and detect beam alignment
with beamformed signal in the transmission phase. If the beam
misalignment over a certain error threshold is continuously
detected, we implement a mechanical alignment and initialize
the process.
We consider a GS with N = Nx × Ny uniform planar array
and target UAV, which is tracked by GS, has a single antenna.
Note that our scheme can be easily extended to multiple
antenna structure of UAV by considering the angle of departure
of transmitted signals of the array of UAV. Moreover, the LOS
channel link is mainly assumed in the high altitude air network
that the majority of the signals are transmitted by the LOS path
with a high probability [5], [9]. Then, we have a time-varying
channel at the kth frame between GS and UAV with distance
Dk , which can be represented as
Hk =
ρkαk
D
βk
k
ax(uk)ay(vk)H, (1)
where (·)k denotes the corresponding value of the kth frame.
In (1), ρk denotes the path-loss gain embracing the antenna
gain and transmitted power, and αk and βk are the channel
gain and path-loss exponent, respectively. We also denote uk
and vk for spatial direction parameter of UAV’s transmitted
signal for x-axis and y-axis, respectively. The array response
vector for x-axis and y-axis, ax and ay, in (1) can be expressed
as
ax(uk) =
[
1 e−juk · · · e−j(Nx−1)uk ]T , (2)
ay(vk) =
[
1 e−jvk · · · e−j(Ny−1)vk ]T , (3)
respectively, where uk and vk denote the spatial angle as
2pid
λ
cos φk sin θk and
2pid
λ
sin φk sin θk with d of antenna spac-
ing, and λ of the wavelength of the incident signal. Consider-
ing UAV flying the sky at the constant altitude for particular
missions [14], we can set up the state model for spatial angle
as
xk+1 =
[
uk+1
vk+1
]
=
[
cosψ − sinψ
sinψ cosψ
] [
uk
vk
]
+
[
wu,k
wv,k
]
,
=Fxk + wk,
(4)
where wu,k and wv,k are the process noise with variances σ
2
u
and σ2v , respectively, and ψ is the angle of rotation of the
UAV every time frame. We first propose the state evolution
model for a practical UAV’s movement and the obtained state
can be is directly employed to designing the beamforming
weight. Moreover, the channel gain αk is given by the first-
order Gaussian-Markov model [10]
αk+1 = ραk + ǫk, (5)
where ρ is the correlation coefficient and ǫk ∼ CN(0, (1 −
ρ2/2)). Then we can write the received signal in matrix form
as
Yk = Hksk + Nk, (6)
where sk denotes the transmitted pilot signal. The beamformed
signal in the transmission phase of the kth frame can be
represented by
yk = w
H (xˆk)hk sk + wH (xˆk)nk, (7)
where xˆk denotes the estimated angle of the target and, h, w
and n are the channel, beamforming, and noise in vector form,
respectively. The beamforming weight vector w(xˆk) generates
the beam for the desired direction and can be written as
w(xˆk) = vec
(
wx(uˆk)wy(vˆk)H
)
, (8)
where vec(·) represents transformation from matrix to vector
and the beamforming weight vector for x-axis and y-axis can
be defined, respectively, as
wx(uˆk) = 1√
NX
[
1 e−juˆk · · · e−j(NX−1)uˆk ]T , (9)
wy(vˆk) = 1√
Ny
[
1 e−j vˆk · · · e−j(Ny−1)vˆk ]T . (10)
III. PROPOSED BEAM TRACKING BASED ON EKF WITH
MONOPULSE SIGNAL
The KF generally assumes the Gaussian distribution for both
a linear state transition and measurement models, p(xk |xk−1) =
N(xk |Fxk−1,Qp,k−1) and p(yk |xk) = N(yk |Gxk−1,Qn,k) [15],
where G is a measurement model, and Qp,k and Qn,k are the
process noise and the measurement noise at the kth frame,
respectively. Thus, KF in a linear system has an optimal
3recursive solution as xˆk = E[xk |y1:k] given the observations
from a minimum mean square error (MMSE) point of view.
The existing researches mainly determine the beamformed
received signal as the measurement model in a KF-based
beamforming system [8]–[12]. However, this beamforming
signal model is highly nonlinear as in the form of
sin (Nx)
sin x
,
resulting in performance degradation. As an alternative, we set
up the measurement model with a nonlinear but more plausible
monopulse signal.
The monopulse signal is defined as the ratio of sum and
difference of the received signals in two adjacent antennas
[16]. We can calculate the phase difference between the
adjacent received signals in an antenna array by using the
monopulse signal [17]. Given the simplest case, when the
received signals in the uniform linear array are defined as[
1 e−ju e−j2u . . . e−jNu
]T
, the monopulse signal R can be
expressed as
R =
1 − e−ju
1 + e−ju
= j
sin u
2
cos u
2
= j tan
u
2
. (11)
Then, we can obtain the phase difference u from arctan(ℑ{R}),
in which ℑ denotes imaginary term of the corresponding
complex value. In our proposed system with a planar array, we
extend (11) to the monopulse signals on the x-axis and y-axis
by denoting Rx and Ry, which can be written, respectively, as
Rx,k =
1
Ny(Nx − 1)
Ny∑
m=1
Nx−1∑
n=1
Y¯k(n,m) − Y¯k(n + 1,m)
Y¯k(n,m) + Y¯k(n + 1,m)
,
≃ j tan
(u
2
)
,
(12)
Ry,k =
1
Nx(Ny − 1)
Nx∑
n=1
Ny−1∑
m=1
Y¯k(n,m) − Y¯k(n,m + 1)
Y¯k(n,m) + Y¯k(n,m + 1)
,
≃ j tan
(
v
2
)
,
(13)
where Y¯k(n,m) denotes a normalized received signal of (n, m)-
th antenna element of the planar array in the kth frame, whose
magnitude and path loss effect are assumed to be mitigated
by automatic gain control. Given that ℑ{Rx} = tan (u/2) and
ℑ{Ry} = tan (v/2), the measurement model with monopulse
signal can be set up as
rk =
[
tan
( uk
2
)
tan
( vk
2
) ] + [nu,k
nv,k
]
= g (xk) +
[
nu,k
nv,k
]
, (14)
where nu,k and nv,k are measurement noise with variances
σ2n . Note that EKF is the extended version of KF to address
the nonlinear function of state and measurement models by
linearizing the nonlinear function with the first-order approx-
imation [18]. Here, we adopt EKF to linearize the nonlinear
measurement model based on monopulse signal. For the first
step to EKF, the predicted state xˆ−
k
can be calculated by using
the previous estimate state xˆk−1 as
xˆ−k = Fxˆk−1. (15)
The corresponding predicted error covariance is defined as
P−k = E[(xk − xˆ−k )(xk − xˆ−k )T ] = FPk−1FT +Qp,k, (16)
Fig. 2: Robust EKF based Beam Tracking
where Pk−1 is the previous state error covariance. In the
next step for update and correction, we need to obtain the
innovation as
r˜k = rk − g(xˆ−k ) = g(xk) + nk − g(xˆ−k ),
≃ Gxk + nk − Gxˆ−k,
(17)
where g(xˆ−
k
) denotes predicted measurement value for the
predicted state, G is the Jacobian matrix as
∂g(x)
∂x

xˆ−
k
= 0.5I2
where I2 is the 2× 2 indentity matrix, and nk is measurement
noise vector in (14). Then, the innovation covariance of r˜k can
expressed as Sk = GP
−
k
GT+Qn,k . Here, since the measurement
dimension of this scheme is 2 regardless of the number
of antenna elements, the proposed scheme can significantly
reduce the complexity related to the size of antenna array.
Finally, the updated state and error covariance is obtained by
xˆk =xˆ
−
k +Kk r˜k,
Pk =P
−
k − KkSkKTk ,
(18)
where the Kalman gain Kk can be defined as P
−
k
GTS−1
k
, mini-
mizing the MSE for estimation. EKF repeats the prediction and
the update-correction steps in every estimation phase, which
is presented in Fig. 2. As such, the system can establish a
reliable communication link with 3D beamforming gain for the
updated state, which will be shown in the following sections.
IV. BEAM MISALIGNMENT DETECTION
We consider two procedures for the beam alignment such
as 1) coarse alignment and 2) fine alignment for UAV com-
munications [2]. Note that the mechanical approach is often
adopted for coarse alignment while the electrical beamforming
approach is employed for fine alignment. The mechanical
approach adjusts the normal vector of the planar array toward
the antenna of the UAV, that is, employing the incident angle
to be within a certain range as [−θa, θa] for an example. When
the incident angle deviates from the normal vector of the planar
array, the beamforming performance declines [2], and the
linearization error of the monopulse signal increases, resulting
the performance degradation of the estimation. Therefore, we
can expect a stable tracking performance by estimating the
4fine angle of UAV, after the mechanical adjustment for angle
coarsely.
In the proposed scheme, we estimate real-time errors and
detect the beam misalignment with the received power in the
transmission phase. When the estimated error exceeds a certain
threshold, the scheme declares the beam misalignment and
executes the mechanical alignment. Note that in this paper, we
do not mention the method for an initial estimation and me-
chanical beam alignment [2], but we only consider the method
for estimating errors and detecting beam misalignment.
The received power can be expressed as a value on the 3-D
beam pattern model [19] as
Pr =
1
N2
©­­«
sin
(
Nx
2
(u − uˆ)
)
sin
(
1
2
(u − uˆ)
) ª®®¬
2 ©­­«
sin
(
Ny
2
(v − vˆ)
)
sin
(
1
2
(v − vˆ)
) ª®®¬
2
. (19)
In this section, we ignore the subscript of time index k for
notational simplicity. By exploiting an approximation of the
main lobe of the beam pattern model [20], (19) can be written
as
Pr ≃ cos
(
Nx
4
(u − uˆ)
)2
cos
(
Ny
4
(v − vˆ)
)2
, (20)
which is validated in the main lobe. Here, we can represent
the estimation error as ξ = x − xˆ. Arranging (20) with ξ , we
can obtain
Pr ≃ cos
(
Nx
4
ξ1
)2
cos
(
Ny
4
ξ2
)2
, |ξ1 | <
2π
Nx
, |ξ2 | <
2π
Ny
, (21)
where ξ i denotes the ith element of the corresponding vector,
and 2pi
Nx
, and 2pi
Ny
are the corresponding null-to-null beamwidth
of the main lobe, respectively. To find the error norm for the
square array, we reformulate (21) as
Pr ≃ cos
(
Nx
4
‖ξ ‖
)4
, ‖ξ ‖ < 2π
Nx
, (22)
where the three-dimensional beam pattern model has the same
magnitude at a location with the same radius from the center,
(0, 0), then, we can re-express (21) as (22) using the norm of
error, ‖ξ ‖. Under this approximation, the problem of finding
the estimation error can be written as
ˆ‖ξ ‖ = argmin
‖ξ ‖∈E
Pr − f (‖ξ ‖)2 , (23)
where f (‖ξ ‖) is defined as cos
(
Nx
4
‖ξ ‖
)2
. We can solve (23)
by an exhausted search over the feasible range of ‖ξ ‖. Note
that the feasible region, E of ‖ξ ‖ is confined on the line of
E = {y = x, 0 ≤ x ≤ γ}, in which γ is below the value of
2pi
Nx
, which is a null point. The Euclidean distance from x to
xˆ is equal to ‖ξ ‖, and we search the nearest point on grid
line, (y, y), 0 ≤ y ≤ γ, with the corresponding radius of ‖ξ ‖.
With the grid search in the range of E = [0 : ∆ : γ], we can
estimate the estimation error in real-time and detect the beam
misalignment when the estimated error is over the threshold
such as 3dB beamwidth, 0.89pi
Nx
. Moreover, in a rectangular
array, we can obtain the estimated error with the same method
by extending the corresponding feasible region as (x, y) of
0 ≤ x, y ≤ γ.
V. MEAN SQUARED ERROR BOUND ANALYSIS
In this section, we analyze the stability of the proposed
scheme by showing that the MSE of the proposed scheme is
upper bounded. One of the methods for analyzing the stability
of the system is to calculate the estimated error or boundary of
the Lyapunov function [21], and we herein use the estimated
error dynamics to confirm stability.
Let us define the estimation error of the spatial direction of
UAV’s transmitted signal as
ξk = xk − xˆk, (24)
in here, and then by substituting (17) and (18) into (24), then
(24) can be represented as
ξk = (I − KkG)
(
xk − xˆ−k
) − Kknk − Kk χ (xk − xˆ−k ) , (25)
where χ
(
xk − xˆ−k
)
denotes remainder terms of Taylor ex-
pansion in (17), which is negligible in high SNR channel.
Arranging (25) with (4) and (15), (25) can be written in
recursive form as
ξ k ≃ (I − KkG) (Fξk−1 + wk−1) − Kknk . (26)
Then, we can derive the approximated MSE as
E
[‖ξ k ‖2] = E [ξTk ξ k ] ,
≃E [ξTk−1ATk Akξk−1+ wTk−1BTk Bkwk−1+ nTk KTk Kknk ] ,
(27)
where Ak denotes (I − KkG)F, and Bk is (I − KkG). Using
linearity of the trace operator, (27) can be rearranged as
E
[‖ξ k ‖2] ≃Tr (E (AkPk−1ATk )) + Tr (E (BkQp,k−1BTk ))
+ Tr
(
E
(
KkQn,kK
T
k
))
.
(28)
Note that we herein only consider the stable situation to
evaluate the accuracy of estimation, thus we assume that
process noise and measurement noise are constant over time
while UAV moves. Moreover, the process noise variance are
known and determined parameters as σ2u and σ
2
u , but the
measurement noise variance of nk in (25) is unknown, which
is a variance of the monopulse signal [22]. Consequently, we
can show that (28) is upper bounded as
E
[‖ξk ‖2] <Tr (E (AkPk−1ATk )) + Tr (E (BkQpBTk ))
+ Tr
(
E
(
KkQ
′
nK
T
k
))
,
(29)
where Q′n is defined as relaxed assumption of Qn as Q′n > Qn.
VI. SIMULATION RESULTS
In this section, we verify from the simulations that the pro-
posed scheme is robust in terms of MSE for UAV beam track-
ing compared to the codebook based beamforming scheme. We
have a GS of which height h is eight times the radius Ro of
flying with an 8 × 8 planar array for an example. Thus, the
fixed elevation angle is 0.1244 radian by assuming height is 8
times of the radius, which is an stable alignment situation.
The azimuth angle is randomly distributed from [−30, 30]
degrees considering the mechanical alignment. As a baseline,
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0 10 20 30 40 50 60 70 80 90 100
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
(b) Beam Tracking with SNR = 20dB and σu, σv = 0.01
Fig. 3: Beam tracking for proposed scheme versus codebook
based beamforming scheme [8].
we consider the codebook-based beamforming scheme where
the number of beamforming vectors across 2-D beam space is
169 [8], [14]. The process noise matrix Qp is assumed as
Qp =
[
σ2u 0
0 σ2v
]
, (30)
and the measurement noise matrix Qn is assumed as σ
2
nI.
Fig.3 shows tracking performance in real-time compared to
the codebook based beamforming scheme. It is observed that
the proposed scheme can track perturbations of the spatial
directions more accurately while the codebook based beam-
forming is not capable of tracking the abrupt beam changes
rapidly from the measurement.
With respect to the complexity of the codebook based
beamforming and the proposed schemes, the codebook based
beamforming scheme has O(n3) for inversion of innovation
covariance, in which n is the codebook length, that is, 169 in
this example, and it has a measurement vector of 338 sizes
because EKF can be employed with real and imaginary terms,
respectively. On the other hand, the proposed algorithm has a
measurement vector of size 2 in (14), thus the computational
load is much lower.
In Fig. 4, we show the trends of beamforing gain over time
for the proposed scheme and codebook based beamforming
scheme. In data transmission phase, the GS receives data from
the UAV with directional 3D beamforming. Fig. 4 presents
the normalized beamforming gain to show a beam alignment
accuracy. Our scheme achieves an consistent gain based on
the robust estimation, while the codebook based beamforming
scheme shows larger fluctuations over time.
The results in Fig. 5 are provided with the error trend.
We set the value of SNR as 30dB, and the process noise
standard deviation as σu, σv = 0.05 for an example. The
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Fig. 4: Normalized beamforing gain for proposed scheme
versus codebook based beamforming scheme [8].
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Fig. 5: Beam misalignment detection for proposed scheme.
assumed variation in here is large compared to the assumptions
considered in [8]–[10], thus it can detect the fluctuations in
general navigations. Moreover, we also set the height as the
three times of the navigation radius as h = 2 × Ro, which
is a misalignment situation with the UAV deviating from the
normal vector of the planar array. At each frame, the system
checks the beam alignment with beamforming power. In Fig. 5,
as we can see that the estimation performance degrades from
the 45th time index. At the 48th time index, the estimated
error exceeds the 3dB beamwidth, then the scheme declares
the misalignment. As a result, the scheme adjusts the beam
with the mechanical alignment and can track the UAV with
stable performance. After the mechanical alignment, we can
see that the spatial angle u, v become small values around 0.
We can evaluate the tracking performance in terms of MSE
in Fig. 6. We have simulation results assuming the height
as h = 8 × Ro, the channel variation as σu, σv = 0.005,
60 5 10 15 20 25 30 35 40 45 50
10-7
10-6
10-5
10-4
10-3
10-2
Fig. 6: Mean squared error for proposed scheme and mean
squared error bound
and the initial variation as σu, σv = 0.00005. To deal with
a numerical MSE upper bound, we establish the measurement
noise matrix Qn
′ with σ2n = 10−4 in the simulation. It should
be noted that the exact variance of the monopulse signal may
not be available, thus the exploited value of σ2n = 10
−4 is the
relaxed assumption. It is clearly seen that the proposed scheme
outperforms the codebook based beamforming scheme with
lower complexity. Moreover, we can verify that our proposed
system is stable over time with the obtained MSE upper bound.
VII. CONCLUSIONS
In this study, we proposed a robust beam tracking scheme
with EKF for UAV-based air-network. First, we presented the
limitations of conventional beam tracking studies and designed
a more plausible framework to solve this problem. Simulation
results showed that the proposed scheme accurately tracks the
perturbation of beam direction of UAV using the monopulse
signal with low complexity and estimates the error to detect
beam misalignment in real-time. Moreover, we derived the
numerical MSE upper bound to analyze the performance and
then demonstrated that our scheme is stable over time while
UAV keeps moving and outperforms conventional one.
VIII. ACKNOWLEDGE
REFERENCES
[1] Z. Xiao, P. Xia, and X.-G. Xia, “Enabling UAV cellular with millimeter-
wave communication: Potentials and approaches,” IEEE Communica-
tions Magazine, vol. 54, no. 5, pp. 66–73, 2016.
[2] J. Zhao, F. Gao, Q. Wu, S. Jin, Y. Wu, and W. Jia, “Beam tracking for
UAV mounted satcom on-the-move with massive antenna array,” IEEE
Journal on Selected Areas in Communications, vol. 36, no. 2, pp. 363–
375, 2018.
[3] G. Geraci, A. Garcia-Rodriguez, L. G. Giordano, D. Lo´pez-Pe´rez,
and E. Bjo¨rnson, “Understanding UAV cellular communications: From
existing networks to massive MIMO,” IEEE Access, vol. 6, pp. 67 853–
67 865, 2018.
[4] T. Cuvelier and R. W. Heath, “Mmwave MU-MIMO for aerial net-
works,” in 2018 15th International Symposium on Wireless Communi-
cation Systems (ISWCS), 2018, pp. 1–6.
[5] J. Zhao, F. Gao, L. Kuang, Q. Wu, and W. Jia, “Channel tracking with
flight control system for UAV mmwave MIMO communications,” IEEE
Communications Letters, vol. 22, no. 6, pp. 1224–1227, 2018.
[6] A. Razi, “Optimal measurement policy for linear measurement systems
with applications to UAV network topology prediction,” IEEE Transac-
tions on Vehicular Technology, 2019.
[7] P. Zhou, X. Fang, Y. Fang, R. He, Y. Long, and G. Huang, “Beam
management and self-healing for mmwave UAV mesh networks,” IEEE
Transactions on Vehicular Technology, vol. 68, no. 2, pp. 1718–1732,
2018.
[8] D. G. Chuang Zhang and P. Fan, “Tracking angles of departure and
arrival in a mobile millimeter wave channel,” in 2016 IEEE International
Conference on Communications (ICC), 2016, pp. 1–6.
[9] H. Liu, T. Zhang, Z. Hu, J. Loo, and Y. Wang, “Channel tracking for
uniform rectangular arrays in mmwave massive MIMO systems,” in
2018 10th International Conference on Wireless Communications and
Signal Processing (WCSP), 2018, pp. 1–6.
[10] V. Va, H. Vikalo, and R. W. Heath, “Beam tracking for mobile millimeter
wave communication systems,” in 2016 IEEE Global Conference on
Signal and Information Processing (GlobalSIP), 2016, pp. 743–747.
[11] S. Jayaprakasam, X. Ma, J. W. Choi, and S. Kim, “Robust beam-tracking
for mmwave mobile communications,” IEEE Communications Letters,
vol. 21, no. 12, pp. 2654–2657, 2017.
[12] S. G. Larew and D. J. Love, “Adaptive beam tracking with the un-
scented kalman filter for millimeter wave communication,” IEEE Signal
Processing Letters, vol. 26, no. 11, pp. 1658–1662, 2019.
[13] M. Liu, Y. Wan, S. Li, F. Lewis, and S. Fu, “Learning and uncertainty-
exploited directional antenna control for robust long-distance and broad-
band aerial communication,” IEEE Transactions on Vehicular Technol-
ogy, 2019.
[14] L. Yang and W. Zhang, “Beam tracking and optimization for UAV com-
munications,” IEEE Transactions on Wireless Communications, vol. 18,
no. 11, pp. 5367–5379, 2019.
[15] S. Haykin, Kalman filtering and neural networks. John Wiley & Sons,
2004, vol. 47.
[16] H.-L. Song, S. S. Nam, and Y.-C. Ko, “Angle-of-arrival estimation
in antenna arrays based on monopulse signal,” in Proc. The 11th
International Conference on Ubiquitous and Future Networks (ICUFN),
Zagreb, Croatia, July 2019.
[17] ——, “Angle-of-arrival estimation using monopulse signals for hybrid
beamforming systems,” submitted to IEEE Transactions on Wireless
Communications, 2020.
[18] A. H. Jazwinski, Stochastic processes and filtering theory. Courier
Corporation, 2007.
[19] X. Huang, Y. J. Guo, and J. D. Bunton, “A hybrid adaptive antenna
array,” IEEE Transactions on Wireless Communications, vol. 9, no. 5,
pp. 1770–1779, 2010.
[20] N. Deng and M. Haenggi, “A novel approximate antenna pattern for
directional antenna arrays,” IEEE Wireless Communications Letters,
vol. 7, no. 5, pp. 832–835, 2018.
[21] K. Reif, S. Gunther, E. Yaz, and R. Unbehauen, “Stochastic stability
of the discrete-time extended kalman filter,” IEEE Transactions on
Automatic control, vol. 44, no. 4, pp. 714–728, 1999.
[22] M. Rhudy, Y. Gu, and M. Napolitano, “Relaxation of initial error and
noise bounds for stability of GPS/INS attitude estimation,” in AIAA
Guidance, Navigation, and Control Conference, 2012, p. 5031.
